A three-disulphide derivative of hen egg-white lysozyme was made by selective reduction and carboxymethylation of one of the four original disulphide bridges. N-Terminal sequencing and two-dimensional 'H-n.m.r. spectroscopy revealed that the disulphide bridge linking cysteine residues 6 and 127 had been modified and that the three remaining disulphide bonds were native-like in nature. Analysis of COSY and NOESY spectra indicated that the three-disulphide lysozyme (CM6,127-lysozyme retains the same secondary and tertiary structure as its four-disulphide counterpart; its stability to pH and temperature is, however, dramatically decreased. N.m.r. spectroscopy was used to characterize the thermal folding and unfolding transition of CM6"127-lysozyme. Not only is the transition still a highly co-operative event, but the enthalpy change associated with folding and unfolding resembles that of intact lysozyme when their differences in thermal stability are taken into consideration. The significance of these results in terms of the folding process of lysozyme is discussed. By contrast with authentic lysozyme, CM6f127-lysozyme was found to exist in an unfolded state at pH 2 at room temperature.
INTRODUCTION
The folding of globular proteins is a complex process, beginning with a largely unstructured state and ending with a native three-dimensional structure that is functionally active. One of the major challenges of protein folding studies is the determination of the structures of folding intermediates and the elucidation of the kinetics and thermodynamics of their formation.
Although recent developments in the fields of protein engineering and n.m.r. spectroscopy have resulted in the detailed analysis of ever-increasing numbers of native protein structures in solution, very little is known about their denatured or partially folded states. Studying these states is, however, an intrinsically difficult task, since folding is usually a highly co-operative event and occurs extremely rapidly, even when retarded by the requirement for cis-trans-proline isomerism or disulphide bond formation. Thus intermediate folded states are difficult to obtain at equilibrium. One of the most detailed characterizations of folding intermediates has been achieved by trapping methods. A classic example of such an approach is seen in the sequence of disulphide bond formation in the course of oxidative refolding of reduced bovine pancreatic trypsin inhibitor (Creighton, 1978) . Examination of isolated intermediate states by n.m.r. then enabled a structural basis for the folding pathway to be proposed . More recently, important advances have been made by using amide-labelling techniques coupled with two-dimensional 'H-n.m.r. spectroscopy to monitor the formation of regions of secondary structure early in the folding process (Roder et al., 1988; Udgaonkar & Baldwin, 1988) . Even so, relatively little is known about the detailed conformational properties of intermediate folded states or of the interactions that stabilize them, yet it is clear that such structural information is required if we wish to understand the molecular events associated with protein folding.
For certain proteins, conditions have been found under which intermediate conformational states are stable at equilibrium. The term 'molten globule' has been given to these states, which are thought to be compact molecules with similar secondary structures to the native state, but with more disordered tertiary interactions (Kuwajima, 1989) . Although it has been known for some time that heat-denatured or acid-denatured proteins may not be totally devoid of residual inter-residue interactions, the first clear-cut examples of molten globule states were those of alactalbumin and cytochrome c at acid pH (Dolgikh et al., 1981 (Dolgikh et al., , 1983 Ohgushi & Wada, 1983) . To date, the most elaborate structural description of the molten globule state has been provided by an n.m.r. study of this state of a-lactalbumin (Baum et al., 1989) . These results show clearly that specific regions of ahelix persist in the molecule whereas there is no evidence for the presence of any significant fl-sheet structure. Thus a model for the molten globule has arisen in which significant conformational freedom exists but where specific elements of native-like structure are preserved. The results of kinetic experiments with several proteins have shown the rapid formation of intermediates with properties consistent with a molten globule state. This suggests that the existence of the molten globule may be quite widespread and that this state may be, in general, an obligatory intermediate along the folding pathway (Kuwajima, 1989) .
The unfolding transition of hen egg-white lysozyme has long (Kuwajima, 1989 Acharya & Taniuchi (1980) . A wide variety of experimental conditions was examined, but in no case was the nature of the product affected.
The following procedure was routinely adopted. Hen eggwhite lysozyme (20 mg/ml in 0.1 M-Tris/acetate buffer, pH 7.8) was incubated with dithiothreitol (5 mM) at 20 'C. The solution immediately became turbid. When the turbidity had increased 40-fold (measured by the increase in light-scattering at 600 nm), reduction was arrested by the addition of a 5-fold molar excess (over the disulphide groups of dithiothreitol) of iodoacetic acid. The reaction was allowed to proceed for 1 h at 20 'C. The sample was then dialysed against water at 4 'C, and the soluble fraction was collected by centrifugation (3000 g for 10 min at 4 'C) and freeze-dried. CM6f127-lysozyme was purified by ion-exchange chromatography (Bio-Rex 70 column) in 0.2 M sodium phosphate buffer, pH 7.1. CM6f"27-lysozyme was eluted from the column in the 0.2 M buffer described above. Unmodified lysozyme was then collected by using the same buffer, but containing 1 M-NaCI. Both (1988) . Data sets consisting of 512 t, increments of 48 transients were collected and a sweep width of 7042 Hz was used in each dimension. Spectra were resolution enhanced in t2 by trapezoidal multiplication and double-exponential multiplication and in t1 by trapezoidal multiplication only. After zero-filling twice in t1 and once in t2 the digital resolution was 3.5 Hz/point. Phase-sensitive NOESY spectroscopy was performed by published methods (Jeener et al., 1979; Anil Kumar et al., 1980) . Spectra were acquired using a sweep width of 7042 Hz in each dimension, 256 increments and a mixing time of 200 ms that was randomly varied by 10 %. Spectra were processed as described for COSY spectra.
Samples for study by c.d. contained 0.15 mg of lysozyme/ml in unbuffered solution at pH 3.8 or pH 2.0. Spectra were recorded from 260 to 180 nm and from 340 to 250 nm on a Jasco J600 spectropolarimeter in cells with 1 mm and 10 mm path lengths respectively. Spectra were collected at room temperature, unless otherwise stated. Data are reported as molar c.d. absorption coefficient (As), calculated using a mean residue weight of 110.
Other methods
Proteins were analysed by acid/urea/PAGE by a modification of the method of Moore et al. (1968) . Samples (10 ,ug) were dissolved in 0.18 mM-/J-alanine/acetate buffer, pH 4.83, containing 8 M-urea. Gels (7.5 % T, 0.9 % C) were 8 M in urea and 0.18 mm in ,3-alanine/acetate, pH 4.83. SDS/PAGE was performed on Tris/glycine gels (15 % T, 0.6% C) by using published methods (Laemmli, 1970) . The concentration of free thiols and the number of disulphide links were determined by the method of Ellman (1959) as modified by Anderson & Wetlaufer (1975) . Automated N-terminal sequencing and amino acid analysis were performed by published methods (Hewick et al., 1981;  Hendrikson & Meredith, 1984) . The catalytic activity of lysozyme was measured with Micrococcus lysodeikticus cells as described by Locquet et al. (1968) .
RESULTS
Characterization of CM6ff 2'-lysozyme SDS/PAGE indicated that CM6" 27-lysozyme and unmodified lysozyme were identical in size (Fig. 1) . By contrast, during acid/urea/PAGE the proteins displayed dramatically different electrophoretic mobilities (Fig. 1) . The amino acid composition of CM6,127-lysozyme was identical with that of unmodified lysozyme, except for the presence of approx. 2 mol of carboxymethylcysteine/mol of lysozyme. Thus at least one of the four disulphide bridges in lysozyme has been irreversibly opened in CM6 '27-lysozyme. Furthermore, titration of CM6"127-lysozyme with Ellman's reagent in the presence of 8 M-urea showed the absence of any free thiol groups. Alkali cleavage of the remaining (Fig. 3) indicates that the large differences are restricted to the immediate vicinity of the modification. This could arise from conformational differences in this region of the polypeptide chain, from electrostatic effects arising from the additional carboxymethyl groups, or from a combination of both of these effects. The chemical-shift movements occur both in the upfield and downfield directions and there is no systematic movement towards typical 'random-coil' chemical shifts (Wuithrich, 1986) . Analysis of the NOESY spectrum confirmed that the threedimensional structure of CM6"127-lysozyme was closely similar to that of its four-disulphide counterpart. Thus, as for native lysozyme (Redfield & Dobson, 1988) , extended regions of dNN connectivities were observed for residues 6-15, 25-38 and 89-101, corresponding to regions of az-helix in parental lysozyme. Disruption of the disulphide bridge linking residues 6 and 127 thus has no major effect on the a-helix encompassing residues 6-15. In addition, extended regions of d=N connectivities were observed for residues 42-47, 50-55 and 57-60, indicating the presence of the triple-stranded anti-parallel fl-sheet. This structure was confirmed by the presence of several characteristic long-range intra-strand dNN and d.N connectivities (Redfield & Dobson, 1988 ). In addition, two long-range n.O.e.s between residue 2 and residues 39 and 40 were also visible in the NOESY spectrum. These peaks are also present in the NOESY spectrum of unmodified lysozyme (Redfield & Dobson, 1988) and are in accord with a small anti-parallel ,-sheet involving residues 1-5 and 38-40. Clearly, modification of Cys-6 has little, if any, effect on the conformation of the N-terminal region of the polypeptide chain. Resonances that differ significantly in chemical shift in the two spectra are labelled. Full assignment of the spectrum is given by Redfield & Dobson (1988) . The concentration of each protein sample was 2 mm. The parameters used for acquisition of the spectra are described in the Materials and methods section.
Vol. 273 The C-terminal ten residues or so of lysozyme have little regular secondary structure, and this is reflected in a lack of extended regions of daN or dNN connectivities (Redfield & Dobson, 1988) . For this reason it is difficult to determine the precise structure of this region of the polypeptide chain by n.m.r. However, every sequential n.O.e. arising from the penultimate ten residues of parental lysozyme was readily identified in the NOESY spectrum of CM6f127-lysozyme (e.g. dNN and d.N connectivities between residues 120-121, 121-122, 124-125, 126-127 and 127-128 and between residues 125-126, 127-128 and 128-129 respectively). This suggests that there is no gross difference in the conformation of the C-terminal regions of the two proteins. To investigate this further, a search was made of the crystal structure of lysozyme for possible non-sequential n.O.e.s involving the Nterminal 30 residues and C-terminal ten residues of the polypeptide chain. Forty-two such connectivities (distances between adjacent protons of less than 0.35 nm) were found, of which 13 have been assigned in the NOESY spectrum of unmodified lysozyme (C. Redfield residues 6(ft) and 127(a) is observed only in the spectrum of unmodified lysozyme. An array of predicted connectivities between and the first a-helix (residues 6-15) are also absent from the spectrum of CM6f"27-lysozyme [6(a)-129(81,2), 9(N) 129(81,2), 10(a}129(81,2), I0(N)}129(81,2), 13(N)-129(81,2) and 13(,f)-129(,1,2)]. All of these cross-peaks are clearly seen in the NOESY spectrum of unmodified lysozyme acquired under identical conditions. Each of the missing n.O.e.s involves the 6CH3 protons of the C-terminal residue, This observation could arise simply from movement of the side chain of in CM6,127-lysozyme, perhaps due to the close proximity of carboxymethyl-Cys-127. There is, therefore, some experimental evidence for conformational rearrangements in the C-terminal region of the polypeptide chain, although these may well be minor. To investigate this further, the possible structure of CM6"127-lysozyme was modelled by using the iterative program FRODO (Jones, 1978) . The disulphide bridge linking residues 6 and 127 was removed and the side chains of the cysteine residues were modified by addition of carboxymethyl groups. The results indicated that the carboxymethyl groups could be readily accommodated in the protein structure within the constraints of the observed n.O.e.s and without alteration of the polypeptide backbone.
Hydrogen-exchange properties of CM6"127-lysozyme CM6"127-lysozyme was freshly dissolved in 2H20 solution at pH 3.8 and COSY spectra were acquired at 4 h intervals after dissolution. Unmodified lysozyme was similarly treated and the hydrogen-exchange kinetics of the two proteins were compared. Amide protons are classified into two groups: those that are not present in the spectrum acquired after 4 h (fast) and those with cross-peaks remaining in the spectrum 8 h after dissolution (slow (Delepierre et al., 1987) . The second mechanism, with a lower activation energy, involves local fluctuations in the protein structure. The different overall hydrogenexchange rates for CM6"127-lysozyme and unmodified lysozyme may reflect predominantly the different exchange kinetics resulting from the differences in their thermal stabilities [denaturation midpoints (Tm) at pH 3.8 53°C and 77°C respectively]. In support of this, a linear correlation between the rates of hydrogen exchange and protein stability has been noted for the most slowly exchanging protons in bovine pancreatic trypsin inhibitor (Roder, 1989 Fig. 4 . For both proteins the transition is clearly a highly co-operative (two-state) event. However, the thermal stability of CM6'127-lysozyme was dramatically decreased (Tm 53 + 2°C in comparison with 77 + 2 'C for unmodified lysozyme, both at pH 3.8). The equilibrium constant for the transition was measured as a function of the temperature. These data gave a van't Hoff plot to which a straight line could be fitted and from which the enthalpy at the Tm was determined to be + 327 + 50 kJ/mol. This value compares with an enthalpy of unfolding at the Tm for unmodified lysozyme of + 460+ 25 kJ/mol (Dobson & Evans, 1984 Characterization of the unfolded state of CM6'127-lysozyme Lysozyme is particularly stable to changes in pH, and measurement of optical properties of the enzyme has shown that there is no significant change of conformation over the pH range 1.2-11.3 in dilute solution at moderate temperature (Imoto et al., 1972) . By contrast, CM6'127-lysozyme is much more susceptible to changes in pH, and the pH profile (Fig. 5) shows that the molecule exists in an unfolded state at room temperature at pH 2. Interestingly, a-lactalbumin is also unstable under acid conditions, and at pH 2 adopts a partially folded or molten globule state (Kuwajima et al., 1985) . For this reason the acidunfolded state of CM6" 27-lysozyme was examined in detail.
One of the major distinguishing features of the molten globule state is a far-u.v. c.d. spectrum very similar to that of the native state, indicating the presence of native-like secondary structure, whereas the near-u.v. c.d. spectrum indicates a denaturation-like alteration of the environment of the side chains (Kuwajima et al., 1985) . The near-u.v. and far-u.v. c.d. spectra of CM6f"27-lysozyme in the native, acid-unfolded and thermally unfolded states are compared in Fig. 6 . As expected, the spectrum of CM6"127-lysozyme in the native state resembles closely that of authentic lysozyme, confirming the overall similarity in their threedimensional folds (Kuwajima et al., 1985) . The near-u.v. and faru.v. c.d. spectra of CM6" 27-lysozyme in the acid-unfolded and thermally unfolded states are also virtually identical, and are very similar to that of thermally unfolded lysozyme (Kuwajima et al., 1985) . The spectra are, however, very different to that of the molten globule state of a-lactalbumin (Kuwajima et al., 1985) . Simultaneous loss of both secondary and tertiary structure in the acid-unfolded state suggests that, under these conditions, the protein does not adopt a partially folded conformation. These experiments could not be extended to higher ionic strength, which has been shown to be important in the stabilization of molten globule states of other proteins (Goto & Fink, 1989) , because of precipitation, even at the very low protein con- Near-u.v. c.d. spectra and (b) far-u.v. c.d . spectra of CM6"127-lysozyme at pH 3.8 and 35 'C (spectra A), CM6"27-lysozyme at pH 2.0 and 35 'C (spectra B) and CMW127-lysozyme at pH 3.8 and 60 'C (spectra C) (Baum et al., 1989) . Clearly, the acid-unfolded and thermally unfolded states of CM6"127-lysozyme are similar and differ markedly from the molten globule state of ac-lactalbumin.
DISCUSSION
Reduction of lysozyme with low concentrations of dithiothreitol and treatment with iodoacetate traps a species that retains three of the four original disulphide bridges and contains two carboxymethylcysteine residues. Despite investigation of a wide variety of conditions, no trace of a two-disulphide species as originally reported (Acharya & Taniuchi, 1980) was observed. Detailed two-dimensional 'H-n.m.r. spectroscopy and protein chemical analysis indicated that the disulphide link between Cys-6 and Cys-127 had been specifically opened. This conclusion is supported by a recent independent study that involved the preparation of CM6"127-lysozyme by methods similar to those used here (M. E. Denton & H. A. Scheraga, personal communication). Loss of this single disulphide bridge had little effect on the three-dimensional structure of the protein, although the catalytic activity is decreased by about 40 %. Studies of folding and disulphide bond formation in reduced hen egg-white lysozyme have indicated that the process is a highly complex event (Anderson & Wetlaufer, 1976) . Many disulphide bonds are thought to accumulate during folding, but a specific detailed pathway for their formation has not yet been elucidated. It has been postulated that the first disulphide bonds to form during the GSH-catalysed regeneration of reduced lysozyme occur in the region of the protein encompassing residues 62-96 and involves cysteine residues 64, 76, 80 and 94 (Anderson & Wetlaufer, 1976) . The native disulphide bond, Cys-30-Cys-115, is thought to form late in the pathway and is followed by the formation of the Cys-6-Cys-127 disulphide link, which completes the crosslinking of the enzyme. By contrast, Acharya & Taniuchi (1977) have reported the isolation of all four possible isomers of lysozyme containing three native disulphide bonds and one open disulphide bond. However, detailed structural information of the intermediates has not been established.
The production of only a single three-disulphide species following partial reduction of native lysozyme would be consistent with, but does not require, the proposition that during folding the Cys-6-Cys-127 disulphide bond is the last such link to form. The retention ofvirtually the complete three-dimensional structure of lysozyme in the absence of the Cys-6-Cys-127 disulphide bond shows that the presence of a complete set of disulphide bridges is not required for the formation of the native three-dimensional structure. This conclusion is similar to that drawn from studies of bovine pancreatic trypsin inhibitor. In this protein all three species lacking just one native-like disulphide bridge were shown to have conformations similar to that of the native protein (Stassinopoulou et al., 1984) . It is noteworthy in this regard that a recombinant human lysozyme that lacks the same disulphide bridge (linking residues Cys-6 and Cys-128) is not expressed in Saccharomyces cerevisiae and is sequestered instead as an inactive and insoluble form (Taniyama et al., 1988) . This suggests that either Cys-6 or Cys-128, or both, are crucial for the folding and/or secretion of human lysozyme in yeast.
Loss of a single disulphide bridge has a dramatic effect on the stability of lysozyme. The Tm of CM6,27-lysozyme is lowered by 24°C, and at pH 2 the protein exists in an unfolded state at room temperature (conditions under which the intact protein is fully folded). It is well known that disulphide bonds stabilize the native structure of proteins, and this effect has been attributed mainly to a decrease in the configurational entropy of the unfolded polypeptide (Creighton, 1988) . A linear dependence of the denaturation enthalpy for lysozyme unfolded under different conditions with temperature has been observed (Privalov, 1989) . The enthalpies of denaturation of lysozyme and CM6127-lysozyme correlate reasonably well with their expected values based upon their different thermal stabilities. This suggests that the lower stability of CM6,"27-lysozyme is probably manifested through an increased entropy loss upon protein folding, mainly through an increased configurational entropy of the unfolded state.
It has been known for many years that lysozyme conforms to a two-state model for co-operative unfolding and that its folding transition differs significantly from that of a-lactalbumin. At low denaturant concentrations and at pH 2, even in the absence of denaturants, a-lactalbumin adopts a partially folded or molten globule state in which considerable conformational order is retained (Kuwajima, 1989 
